In this study, self-inactivating (SIN) retroviral vectors based on feline foamy virus (FFV) were constructed and analysed. The FFV SIN vectors were devoid of the core FFV long terminal repeat promoter plus upstream sequences but contained all structural and regulatory genes. This design allowed sensitive detection of replication-competent revertants (RCRs). The FFV SIN vectors efficiently transduced the green fluorescence protein into recipient cells. However, RCRs appeared after serial passages of transduced cells. In all RCR clones analysed, parts of the heterologous cytomegalovirus immediate early promoter, originally driving expression of the FFV vector genome, were taken up to restore the deleted SIN promoter function required for replication competence. The RCRs were strongly reduced in replication capacity compared with the parental replication-competent vectors containing the FFV promoter. In all RCR genomes analysed, the uptake of the heterologous promoter was accompanied by deletion of almost the complete marker gene. Although the RCRs described in this study may not have the capacity to spread in humans and animals, they may pose a theoretical risk, for instance during transduction of haematopoietic stem cells. Thus, FV-based SIN vectors require additional genetic modifications in order to avoid RCRs.
Introduction
Several viruses have intrinsic features predisposing them as efficient vectors for the specific transduction of therapeutic genes into patients or to express vaccine antigens for preventive and/or therapeutic vaccination. 1, 2 However, these advantages are in part counterbalanced by their potential for inducing disease or interfering with essential cellular functions, resulting in serious therapeutic side effects or safety concerns precluding their application in human or veterinary medicine. 3 In general, several genetic modifications are introduced into the vector genomes, or cis-and transacting elements are split in order to attenuate or abolish replication competence of the vectors. [4] [5] [6] For retroviruses, partial or complete deletion of the U3 promoter of the 3 0 long terminal repeat (LTR) is one way to directly abrogate infectivity resulting in self-inactivating (SIN) retroviral vectors; 7 however, recombination events may lead to replication-competent revertants (RCRs). [8] [9] [10] [11] Such RCRs can be expected to pose, besides the intrinsic insertional mutagenesis potential of retroviral vectors, added risk of altering the expression of cellular genes. Vectors based on apathogenic viruses already possess a substantial degree of biological safety, but under rare conditions genetic manipulation and insertion of therapeutically relevant genes into apparently innocuous viruses can still result in disease potential. 12 Foamy retroviruses (FVs) are considered apathogenic in their natural host and even after zoonotic transmission into humans. 13 Due to this intrinsic and well-documented apathogenicity and distinct features of their replication strategy, FVs have a high potential as novel vectors. [14] [15] [16] [17] [18] In addition, disease or oncogenesis due to insertional mutagenesis of FVs has never been described. Recently, we demonstrated applicability, efficiency, and safety of replication-competent feline FV (FFV) vectors for the transfer of vaccine antigens into cats. 19 More important for medical application, replication-deficient FV-based vectors carrying substantial deletions in structural and regulatory genes have been shown to be especially suited for the long-term transduction of human haematopoietic stem cells. [20] [21] [22] However, the proposed transduction of haematopoietic stem cells or other long-lived cells demands that RCRs are not generated in the patient. 23 FVs carry a bi-partite packaging sequence extending into gag and pol. [24] [25] [26] Therefore, it is impossible to eliminate all structural gene sequences from FV vectors to avoid recombination between the vector genome and packaging constructs in order to increase bio-safety. Thus, as an alternative or additional approach to destroy replication competence of retroviral vectors, a SIN deletion can be introduced into the 3 0 LTR U3 promoter of FV vectors to inhibit structural gene expression. To determine the applicability and safety of the SIN strategy in a sensitive detection system, we studied FFV SIN vectors retaining all structural genes. Such studies are mandatory since SIN vectors derived from other retroviruses are already the subject of (pre)clinical trials (summarized in Thomas et al 23 ).
To test rigorously the concept of FV-based SIN vectors, we generated FFV SIN vectors still containing all structural and regulatory genes; thus the uptake of a functional promoter by a single recombination event might restore at least part of their replication competence. The applicability and genetic stability of these FFV SIN vectors was studied under cell culture conditions. In the parental replication-competent and in the replicationdeficient SIN vectors (Figure 1a) , the internal FFV promoter directs expression of the essential Bel1 transactivator and the Bet protein to which the green fluorescent protein (gfp) marker gene is linked. Thus, expressions of Bel1 and Bet by the empty vectors or Bel1 and the Bet-Gfp fusion protein by Gfp vectors are indicative of vector transduction. 27 The SIN deletion in the U3 region of the 3 0 LTR in the vectors began downstream of bel2/bet and ended 18 residues upstream of the R region ( Figure 1a ). This strategy maintained the essential bet gene and U3-flanking sequences known to be required for reverse transcription and integration, whereas the majority of the U3 promoter together with the TATA box was removed. [28] [29] [30] This SIN deletion was introduced into the infectious FFV genome pCF-7DU3 expressed from the heterologous cytomegalovirus (CMV) immediate early (IE) promoter and the Bet-Gfp expression vector pCFBet-Gfp, 27 both containing a truncated but functionally active U3 promoter lacking residues À725 to À308 relative to the transcriptional start site (Figure 1a ). This deletion is compatible with vector replication in vitro and in cats. 19, 27 Each of two independent clones of the novel SIN vectors pCF-SIN (#2 and #8) and pCF-Bet-Gfp-SIN (#6 and #8) was characterized in detail.
We first determined the titres of the FFV SIN vectors using FAB cells. 31 FAB cell titration depends on the transduction of the FFV Bel1 transactivator, which is retained in all vectors used. As a consequence, vectortransduced FAB cells score positive. For this purpose, the SIN vector genomes, together with the corresponding replication-competent vectors, were transfected into 293T cells and the titres of cell-free supernatants were determined after 2 days. Data from a representative titration are given in Figure 1b . According to the Bel1-mediated activation of b-galactosidase expression in FAB cells, the titres of the replication-competent vectors pCF-7, pCF-7DU3, and pCF-Bet-Gfp were only slightly higher than those of the corresponding SIN vectors. Additionally, marker gene transfer of the Gfp-transducing vectors was quantified using indirect immunofluorescence (IIF). Titres of Gfp transduction determined by IIF corresponded to those obtained by FAB titration, whereas detection of Gfp by autofluorescence yielded lower values, possibly related to a detection limit of this technique. In summary, the novel FFV-SIN vectors efficiently transduced cells and transferred a reporter gene in cell culture.
Next, we analysed whether RCRs were generated from the promoter-deleted SIN constructs upon extended cultivation of transduced cells. To this end, vector stocks from transfected 293T cells were used to transduce permissive CRFK cells. The transduced cells were serially passaged twice a week and the supernatants were analysed for RCRs by infection of FAB cells.
The results of representative experiments using the empty SIN vectors are presented in Figure 2a . Since the vector inoculum was not removed and since FVs are stable in cell culture medium, 32 low amounts of input vector were still detectable in the first and second passages in some of the experiments described here. After the 5th (#8) and 10th (#2) passages of the SIN vector-transduced cells, FFV infectivities greater than 10 2 FFU/ml were clearly detectable (Figure 2a) . With a slight temporal delay, syncytia became detectable in the transduced cultures supporting the view that RCRs were formed although the basal concept of the SIN vector construction should prevent RCR development. In other kinetic experiments, RCRs were already detectable after four passages (data not shown).
For Gfp-transducing vectors (Figure 3a ), RCRs were clearly detectable at passages 4 (#8) and 6 (#6) again paralleled by the subsequent development of syncytia. Whereas two similar experiments revealed comparable kinetics of RCR formation, in a further experiment, no infectious particles were generated even after 10 passages (data not shown). In parallel, we determined the duration of Gfp expression in pCF-Bet-Gfp-SIN-transduced CRFK cell cultures. Over 50% of the transduced cells were initially positive for Gfp autofluorescence. However, this value based on the less sensitive autofluorescence test decreased to low numbers upon passaging the cells (Figure 3a) . We did not analyse whether this decrease was due to silencing of the Gfp expression cassette or a subtle selection against transduced cells. These data clearly demonstrate long-term transduction of a significant number of cells, but RCRs appear fairly consistently from the model SIN vectors after a limited number of cell passages.
In order to characterize generation of RCRs in the long-term transduced CRFK cells, vector-encoded gene expression was analysed with time. CRFK cells transduced with the empty vector pCF-SIN #2 showed an initial (passages 1-4) strong Bet expression that decreased with time ( Figure 2b ). Upon further passages and in parallel with the appearance of RCRs at passage 10, Bet expression increased. Beginning at passage 9 and concomitant to the detection of RCRs, FFV structural Gag and Pol proteins were clearly detectable (data not shown).
For the Gfp-transducing vector pCF-Bet-Gfp-SIN #6, the pattern of Bet-Gfp expression determined with Gfpspecific antibodies paralleled the situation described above. Initially, Bet-Gfp expression was high allowing even detection of the proteolytically released Gfp protein ( Figure 3b ). The subsequent decline in Bet-Gfp was followed by a rebounded Bet-Gfp expression at passages 9 and 10, possibly enhanced by RCR-mediated Bel1 transactivator expression and syncytia formation. Immunoblotting with the Bet-specific serum confirmed early strong Bet-Gfp expression ( Figure 3c) ; later, BetGfp was only detectable after overexposure of the blot (not shown). At late passages, the majority of the RCRs no longer expressed the authentic Bet-Gfp fusion protein but only the truncated Bet* protein that had been previously characterized for the parental In the top and middle lanes, the authentic replication-competent and CMV-IE promoter-driven FFV vector pCF-7 and the derivatives pCF-7DU3 and pCF-Bet-Gfp are shown. 27 FFV genes, the gfp marker gene, and the LTRs subdivided into the U5, R, and U3 regions, are marked by open boxes. The partial U3 deletion in the 3 0 LTR compatible with vector replication in vectors pCF-7DU3 and pCF-Bet-Gfp is marked by a broken line (D). The FFV LTR and internal promoters are marked by rectangular arrows. In order to inactivate the U3 promoter, 28 FFV 3 0 LTR sequences from À18 relative to the transcriptional start site (primer SINs; 5 0 -ATAGCATGCATTATGGTAGATTGTA-CGG-3 0 , the introduced SphI site is underlined) and extending into the plasmid backbone (primer SINa; 5 0 -TTATCCGCATAGTGCTCC-3 0 ) were amplified with Pfu polymerase and pCF-7DU3 template DNA as recommended by the supplier (Stratagene, Heidelberg, Germany). The amplicon was digested with SphI and ClaI (in the plasmid backbone) and inserted into the correspondingly digested parental vectors pCF-7DU3 and pCF-Bet-Gfp. In the resulting clones (bottom line), U3 sequences of the original FFV LTR from À725 to À18 relative to the transcriptional start site including the TATA box were deleted. The resulting clones pCF-SIN #2 and #8 and Gfp-transducing vectors pCF-Bet-Gfp-SIN #6 and #8 were identified and characterized by restriction mapping. The SIN deletion is schematically marked by a broken line. Small horizontal arrows indicate the positions and orientation of PCR primers used to characterize the RCR genomes. (b) In all, 6 mg each of the vector genomes depicted above was transfected into 293T cells by calcium phosphate precipitation and the viral/vector titres of the cleared cell culture supernatants were determined 2 days after transfection using FAB cells as described. 27 Titres are expressed as the number of blue cells per ml cell culture supernatant. 31 Features of foamy virus SIN vectors P Bastone and M Löchelt replication-competent vector pCF-Bet-Gfp. 27 Bet* is generated when gfp sequences are deleted from the vector, and consists of the complete bet sequence plus residues derived either from gfp or the vector. 27 RCR-producing cells transduced with vector pCF-BetGfp-SIN #8 (compare RCR titres, Figure 3a ) expressed at the fifth passage not only Bet* (Figure 3d ) but also the FFV structural p52 and p48 Gag proteins, the polencoded p70 PR-RT-RNaseH fusion protein, and the uncleaved Pol precursor p127
Pol (Figure 3e ). The data show that RCR-generating cultures expressed FFV vector proteins and that a fraction of cells retained expression of the authentic Bet-Gfp fusion protein. The presence of intact gfp sequences in late passage cultures was confirmed by PCR analysis using gfp-specific primers (data not shown).
To define the molecular events that have led to the generation of the RCRs, DNA taken at every passage of the transduced CRFK cells was analysed by PCR. This PCR assay amplified a region from the 3 0 end of bet and extending into the intact U5 region encompassing the area where the SIN deletion was introduced (see Figure 1) .
Initially, RCR proviral genomes from pCF-SIN #2-transduced cells (compare Figure 2) were analysed. The authentic vector genome was clearly detectable by PCR and gel analysis until passage 9, whereas additional PCR products (amplicons) of larger sizes appeared ( Figure  4a ). One of these amplicons was of cellular origin as determined by DNA sequencing. At late passages, a single DNA band of 615 base pairs (bp, white arrow) became the prominent amplification product; it was cloned and sequenced. Sequence analysis revealed (Figure 4b , bottom line) that a 269-bp-long part of the CMV-IE promoter (bold-face residues À269 to À1 relative to the CMV-IE transcriptional start site) had replaced the SIN deletion. This sequence most probably originated from the CMV-IE promoter directing vector genome expression in the original plasmid clone, as schematically indicated in Figure 4b . During reverse transcription of the vector genome, this novel chimeric LTR promoter had replaced the original SIN deletion, resulting in the RCR described. Remarkably, clear sequence homology between the 5 0 and 3 0 ends of the inserted CMV-IE promoter sequence and the target site in the SIN-deleted 3 0 LTR (marked by dots below the sequence) might have guided recombination. According to the PCR data, this genome had replaced all other genotypes during passages. Since the vector titres at these passages were significantly lower than those of FFV vectors with the Vector genomes pCF-SIN #2 and #8 were transfected into 293T cells. At 2 days after transfection, 1 ml of the cleared cell culture supernatants was used to transduce subconfluent CRFK cells grown in 10 cm dishes as described. 27 The transduced CRFK cell cultures were passaged 1:10 twice a week. For each passage, cleared cell culture supernatants were titrated on FAB cells to detect FFV-specific infectivity resulting from RCRs. In parallel, transduced cells were lysed in 1% SDS and used for immunoblotting (and PCR analysis; see Figure 4 ). (a) The titres of RCRs from vectors pCF-SIN #2 and #8 as determined using FAB cells are shown. The cultures were terminated at passages 12 (no further titration done, n.d.) and 8 due to strong cytopathic effects (syncytia development). The presence of FFVspecific syncytia is indicated as follows: À: no syncytia; ( þ ): small cell fusions not indicative of efficient FFV gene expression; þ : single, isolated FFVspecific syncytia; þ þ : strong FFV-specific syncytia formation and cytopathic effects. (b) Regular aliquots of pCF-SIN #2-transduced CRFK cells taken during the kinetic study (passage numbers are shown below the blot) were subjected to immunoblotting using an FFV Bet antiserum. 27, 37 Bet-specific antibodies were detected by enhanced chemoluminescence (ECl, Amersham Biosciences, Freiburg, Germany). Extracts from mock-and FFV-infected (data not shown) CRFK cells served as controls. Molecular masses of marker proteins (broad range prestained protein marker, New England Biolabs, Frankfurt, Germany) separated in parallel are given at the right-hand margin; the arrow indicates the position of FFV Bet. To allow detection of Bet expression between passages 4 and 9, the blot was intentionally overexposed. Loading of corresponding protein amounts was confirmed in all experiments by Coomassie staining (data not shown).
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P Bastone and M Löchelt intact or truncated FFV U3 promoters, the 269-bp-short CMV-IE promoter fragment allowed a suboptimal, strongly attenuated replication. A similar conclusion has been recently drawn from CMV-IE promoter-driven HFV mutants. 33 Next, we analysed by PCR the kinetics of RCR genomes from Gfp-transducing vectors. Data from the kinetics described in Figure 3 for vectors pCF-Bet-Gfp-SIN #6 and #8 are shown in Figure 5a . Similar to the situation with the SIN vector backbones, several different amplification products corresponding to diverse genotypes appeared during serial passages. Importantly, different amplicons were generated in repeated experiments with the same or different subclones (data not shown; see Figure 5a ). The original genome was reproducibly replaced by rearranged larger or smaller RCRs, or the original sequence was competed out during PCR amplification by the RCR genomes. In the culture Figure 3 Gene expression and generation of RCRs in CRFK cells transduced with Gfp expression vectors pCF-Bet-Gfp-SIN. Vector genomes pCF-Bet-Gfp-SIN #6 and #8 were transfected into 293T cells. At 2 days after transfection, 1 ml of the cleared cell culture supernatants was used to transduce subconfluent CRFK cells as described above. Transduced CRFK cells were passaged 1:10 twice a week, and cleared cell culture supernatants were titrated on FAB cells to detect RCRs. Transduced cells were lysed in 1% SDS and used for immunoblotting (and PCR analysis; see Figure 5 ). (a) The titres of RCRs from vectors pCF-Bet-Gfp-SIN #6 and #8 as determined using FAB cells are shown. The cultures were terminated at passages 9 and 6 due to strong cytopathic effects. The appearance of FFV-specific syncytia is indicated as follows: À: no syncytia; þ : single, isolated syncytia; þ þ : strong syncytia formation and cytopathic effects. Marker gene expression was determined by Gfp autofluorescence of transduced cells, and the fraction of cells positive for Gfp autofluorescence is indicated in percent. Regular aliquots of pCF-Bet-Gfp-SIN #6-(b, c) and #8-transduced CRFK cells (d, e) taken during the kinetic study (passage numbers are shown below the blots) were subjected to immunoblotting. The following antisera were used: (b) anti Gfp; (c, d) anti-FFV Bet; (e) cat serum against FFV Gag and Pol proteins (designated cat 8014). 37, 38 Extracts from mock-and FFV-infected CRFK cells and pCF-Bet-Gfp-transfected 293T cells served as controls. Bound antibodies were detected by ECl. Molecular masses of marker proteins separated in parallel are given. The positions of the Bet-Gfp fusion protein, the proteolytically released Gfp protein, the rearranged Bet* protein, and the FFV p48 Gag , p52
Gag , p70 Pol , and p127 Pol precursor proteins are marked at the opposite margin. Some blots were intentionally overexposed to allow detection of low-level vector gene expression before the appearance of RCRs.
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derived from clone #6, the predominating amplicons were 437 and 1215 bp in size (arrowheads) whereas those from the vector pCF-Bet-Gfp-SIN #8 had sizes of 555 and 996 bp (arrows). These major amplicons (6/437, 6/1215, 8/555, and 8/996) were characterized by sequence determination. Amplicons 8/996, 8/555, and amplicon 6/406 (from an independent experiment) were cloned and sequenced; the results are schematically presented in Figure 5b . Amplicons 6/437 and 6/1215 were directly sequenced without prior cloning.
In all clones analysed (Figure 5b ), different parts of the CMV-IE promoter substituted the original SIN deletion, conferring replication competence to the RCRs. Consistently, the 3 0 terminal site where CMV-IE-and FFV 3 0 LTR sequences were fused (3 0 junction) was identical to that described for the empty SIN clone (Figure 4b ). This confirmed that the high local homology between both sequences before recombination and the functional selection for replication-competent genomes favoured this site. In contrast, the 5 0 junction was not conserved relative to CMV and vector sequences, except that in all clones the bet gene was left fully intact as already observed in another study. 27 In all RCR genomes analysed, the majority of the gfp gene was deleted and replaced by different parts of the CMV-IE promoter. In RCR 6/1215, even pAT153 plasmid-derived sequences located upstream of the CMV-IE promoter (indicated in Figure 5b ) were taken up alongside to the entire CMV-IE promoter. Since amplicons 6/ 437 and 6/1215 could be directly sequenced, the corresponding bands represent unique RCR clones generated by single recombination events and do not represent a mixed population of heterogeneous DNAs of similar length. Whereas in most RCR clones some sequence homologies were detectable before recombination at the 5 0 junction, almost no homology before recombination was detectable for clones 8/555 and 8/996.
It is open whether genomes 8/555 and 6/437 carrying the smaller CMV-IE promoter fragments devoid of the CMV enhancers 34 contributed to the FFV titres The pCF-Bet-Gfp-SIN #6-derived bands of 1215 and 437 bp (labelled by arrowheads) were gel-extracted and directly sequenced using the PCR primers. The pCF-Bet-Gfp-SIN #8-derived bands of 555 and 996 bp (labelled by arrows) were isolated, subcloned, and sequenced as described in Figure 4 . In both pCFBet-Gfp-SIN clones, the 1058-bp-long amplicon representing the original sequence gradually decreased upon repeated passages. In (b), the data of the sequence analyses are schematically presented. In the top line, the structure of the bet-gfp-SIN region of the original SIN clones is presented. Below, the structures of the RCRs described in (a) and clone 6/406 are shown. In all clones, parts of the gfp sequence (hatched boxes) were retained; the size of the truncated gfp gene is given in bp. Consistently, CMV-IE promoter fragments of different sizes (shaded boxes) were detected. In all clones, the 3 0 junction was identical to that described in Figure 4b and shown for clone 2/615. The 5 0 ends and the sizes of the CMV-IE inserts (as given below the boxes) differed significantly and extended even into pAT153 plasmid sequences in clone 6/1215. The gfp and CMV-IE (and pAT153) sequences that recombined are given for each of the RCRs. The gap represents the site where gfp (top) and CMV-IE or pAT153 sequences were fused (bottom). The co-linear sequence of the RCRs is given in bold-face letters switching at the junction site from the gfp (top) to the CMV-IE (or pAT153) sequence (bottom) as indicated by the arrow. The dots between the sequences mark identical residues that might have guided recombination.
or whether only the coexisting RCRs 8/996 and 6/1215 displayed a reduced but clearly detectable replication competence. Probably, the smaller CMV-IE promoter fragments simply represent defective genomes present in the transduced cells. RCR clone 6/406 may have a reduced replication competence since some CMV-IE enhancers are retained and since a similar RCR of MLV displayed replication competence. 34, 35 In summary, in the FFV SIN vector-derived RCRs, CMV-IE promoter sequences between À682 to À1 and À52 to À1 were taken up. These genetic changes partially restored LTR promoter activity, thus allowing attenuated RCR replication. In some cases, genetically rearranged genomes were already detectable in freshly transduced cells (data not shown). During further cell passages, one or two dominant genotypes replaced the other RCR genomes. None of the major RCRs formed retained the intact gfp gene. However, the authentic vector genome persisted in the transduced cultures resulting in low but detectable numbers of cells expressing the marker gene as confirmed by a gfp-specific PCR (data not shown). These transduced cells persisted over extended periods of time; however, selection against them apparently took place.
The genetic rearrangements between the SIN deletion site and the CMV-IE promoter occurred in the vast majority of cases in regions with distinct, local sequence homology. This is especially true for the 3 0 junction that is common in all clones and most likely strongly favoured by the repeated R and flanking sequences at the 5 0 and 3 0 ends of the genome. The early appearance of rearranged genomes and the uptake of plasmid sequences into RCR 6/1215 may indicate that recombination had already occurred in the transfected vector genomes. However, recombination between vector RNA genomes is formally not excluded by this observation, 36 since RNA transcripts extending into plasmid sequences may be generated by inefficient termination of vector mRNA synthesis in the 3 0 LTR carrying the SIN deletion.
The findings presented here for FV-based vectors are different from those described for MLV vectors, 9, 10, 35 since RCRs appeared more rapidly with FFV SIN vectors. This is surprising since the FFV SIN deletion removed promoter sequences from À18 to À725, whereas those for MLV were much smaller (À150 to À357) removing only enhancer elements and hardly affecting the core promoter. 35 We show that RCRs develop rapidly in FV SIN vectors containing all structural genes. Since the recombination events leading to RCRs obviously depended on local sequence homologies, it may be possible to suppress recombination events partially as previously described by reducing homologous regions. 11 However, recombination also took place at sites with almost no homology, and FV-derived vectors exclusively carrying a SIN inactivation are expected to be intrinsically not safe enough for the transduction of long-lived cells, for instance stem cells. Therefore, FV SIN vectors also deleted in one or more structural genes, a strategy already used for FV-based vectors, 20, 22 should display a degree of biological safety required for application in men and animals; experiments to construct and analyse the corresponding vectors are presently underway.
